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The heat lo s ses  in the insulated meta l  in se r t s  of a two-s ided plasma jet  genera to r  with vor tex  a i r  a rc  
s tabi l izat ion have been invest igated.  The heat f luxes a re  genera l ized .  It is shown that the development  of 
turbulence is a ssoc ia ted  with degeneracy  of the Reynolds number .  

A cons iderable  amount of ma te r i a l  on the cu r r en t -vo l t age  c h a r a c t e r i s t i c s  of var ious  types of p la sma  gene ra to r s  
has now been accumulated and means  of genera l iz ing  these c h a r a c t e r i s t i c s  by methods of approximate  s imi l a r i ty  have 
been proposed  [1-4] .  Much less  informat ion is avai lable  regard ing  h e a t - t r a n s f e r  p r o c e s s e s  in the d i scharge  chambers  
of p la sma  je t  gene ra to r s  and the genera l iza t ion  of the i r  t he rma l  c h a r a c t e r i s t i c s .  

This paper  p resen t s  ce r ta in  r e su l t s  of an invest igat ion of the heat losses  in the wa te r -coo led  cy l indr ica l  meta l  
d iaphragms used to l imi t  the d i ame te r  of the a rc  column in powerful  p lasma genera to r s  with vor tex  gas s tabi l izat ion.  
Usually,  these d iaphragms a re  a lso  e l ec t rodes ,  but to separa te  the different  p r o c e s s e s  in the e lec t rodes  and stabil izing 
d iaphragms we invest igated only nonconducting sec t ions .  

The exper imenta l  sect ion is shown schemat ica l ly  in Fig .  ]. The e l ec t r i c  a rc  ] burns in a longitudinal vor tex  gas 
flow 2 inside a me ta l  d iaphragm 3 cooled by water  flowing through the gap 4 between the diaphragm and the outer shel l  
5. The gas en te r s  the diaphragm at an axial  ve loc i ty  wl and t e m p e r a t u r e  t 1 and leaves  it with the p a r a m e t e r s  w 2 and 
t 2. The heat f luxes were  de te rmined  f r o m  the ra te  of flow and t e m p e r a t u r e  r i s e  of the cooling water .  

F ig .  1. Diagram of the exper iment :  1) 
e l ec t r i c  a rc ;  2) vor tex  gas flow; 3) inner  
wall of diaphragm; 4) cooling water ;  

5) outer  shell .  

The h e a t - t r a n s f e r  conditions a re  affected by the p r e s e n c e  of a cold boundary layer  c rea ted  by the tangential  gas 
vor tex .  The th ickness  of this l ayer  and its veloci ty  a r e  not constant along the length and depend on many of the 
p la sma  gene ra to r  p a r a m e t e r s .  

The expe r imen t s  were  p e r f o r m e d  on diaphragms with different  geom e t r i e s  at gas flow ra tes  f rom 50 to 250 
g / s e c  and cu r ren t s  f rom 250 to 1200 A. We m e a s u r e d  the a rc  voltage and the flow ra te  and t empe ra tu r e  r i s e  of the 
cooling water .  The diaphragm dimensions  were  var ied  on the in tervals"  inside d i a m e t e r - - f r o m  5 to 14 ram; length--  
f rom 25 to ]00 ram. The max imum arc  vol tages  were  1500 V, but in individual cases  the specif ic  heat flows into the 
cooled copper  walls  of the diaphragm inc reased  to 3 kW/cm 2. As the exper iments  showed, for  two-s ided  flow the heat 
lo s ses  a re  approximate ly  the same on the cathode and anode sides of the diaphragm and amount to 5% of the genera to r  
power.  They a re  cons iderably  influenced by the diaphragm geomet ry .  Increas ing  the length of the diaphragm at 
constant gene ra to r  power  and constant gas flow ra te  r educes  the r equ i r ed  value of the cur ren t ,  since the a rc  voltage 
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inc rea se s .  Consequently,  the heat losses ,  which are d i rec t ly  re la ted  with the cur ren t ,  should also diminish.  However, 
the inc rease  in the surface of the diaphragm in the zone where the channel is more  fully occupied by the high- 
t empera tu re  flow predomina tes  and the net effect is an inc rease  in the heat losses  to the diaphragm. In the case of 
short  diaphragms (up to 60 mm) because of the reduced occupation of the channel by the h igh- tempera ture  flow and 
the p resence  of a not very  turbulent  cold boundary layer  the heat losses  at constant  gas flow rate  actual ly depend only 
sl ightly on the length. Lengthening the diaphragm beyond this l imi t  i nc reases  the surface exposed to the high- 
t empera tu re  gas flow, and the inc reased  occupation of the channel by this flow in tens i f ies  the turbulence in the 
boundary layer .  As a resu l t  of the combinat ion of these factors  heat t r ans fe r  between the arc  column and the wall is 
intensif ied.  The heat flux is  also s t rongly affected by the var ia t ion  in genera tor  power at constant gas flow rate  
(Fig. 2a) caused by varying the cu r ren t .  
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Fig.  2. Effect of length (a) and d iameter  (b) of diaphragm on 
heat fluxes at N = const and T = const (gas- -a i r ;  Q, kW; I, A; 
N, kW; T, ~ G '  5 0 g / s e c ;  1 - N '  300; 2-500;  3-700; 
4-900;  b) G = 25 g /sec ;  1-N = 200, T = 2500; 2-300 and 

3100; 3-400 and 3400; 4-500  and 3750. 

An examinat ion of the effect of the diaphragm d iamete r  on the heat losses  (Fig. 2b) indicates an intense inc rease  
in the specific and in tegra l  heat fluxes as the d iamete r  dec reases .  Our invest igat ions at constant genera tor  power 
revealed  a cer ta in  weakly expressed min imum of the heat losses  at d = 10-12 mm.  This min imum is a t t r ibutable  to 
the fact that at smal l  d iamete rs  the hea t - t r an s f e r  coefficient va r i e s  more  rapidly than the in terna l  surface of the 
diaphragm. Reducing the diaphragm inc rease s  the he a t - t r a n s f e r  coefficient owing to the inc rease  in gas flow velocity 
and the inc rease  in the radia t ive  component of the specific heat flux with inc rease  in the t empera ture  and p r e s s u r e  in 
the discharge chamber .  Under the given conditions at diaphragm d iamete rs  grea te r  than 14 ram, the pr inc ipa l  role  
begins t~ be played by the change in the surface area  of the diaphragm exposed to the gas flow, and this factor  has a 
weaker  influence on the heat losses .  

The prac t ica l  application of the exper imenta l  data obtained in designing p la sma  genera tors  r equ i r e s  their  
genera l iza t ion .  General ized formulas  of h igh- tempera tu re  heat-  and m a s s - t r a n s f e r  p rocesses  are  usual ly represen ted  
in the form of re la t ions  between the Nussel t  or Stanton numbers  and the Reynolds and Prandt l  numbers  and the 
t empera tu re  factor .  

In convective heat t r ans fe r  the Stanton number  for a cer ta in  sect ion of a tube is de termined f rom the heat-  
balance equation 

1 
dL a (tax-- tw) = ~ -  p WCp ~ d 2 (fl - -  t2), (1) 

whence 

S t =  N u = a _ t~- - t  2 d (2) 
Re Pr p w %  t ~ x - - t  w 4L 

In our case,  however,  in cons t ruct ing  the loss balance it is ne c e s sa r y  to take into account the nonuniformity of the 
t empera tu re ,  veloci ty and physical  p roper t ies  over the length and c ross  section of the flow. Moreover ,  it is necessa ry  
to cons ider  the heat r e lease  in the e lec t r ic  arc .  Then instead of the tempera tures ,  it is more convenient to operate 
with the gas enthalpies.  Thus, instead of (1) we have 

l R 
2.'~ R O~h (hax-- hw) dl = 2~ .t ' (Pl wlhl  - -  P2 w~h2) rdr + 

l~ 0 
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L~ R 

-{- i ~ 2~ ]~ (r' l) 

l ,  0 

(1') 

Reduc ing  Eq.  (1') to d i m e n s i o n l e s s  f o r m  and d iv id ing  it  by the c o e f f i c i e n t s  of the f i r s t  t e r m  on the r i g h t - h a n d  s ide ,  we 
obta in  

~2 1 

= "(p; ~ h; - 
2u R 2 9o woho 

l~ 0 

. . . .  , . 2nR~Ljo ~ ~' r ' l*  2 
- -  92 W2 h2) r dr + J l a* dl*dr*. 

% 2~R ~90woho l~ 
(1") 

In th is  equa t ion ,  the z e r o  s u b s c r i p t s  denote  s c a l e  v a l u e s ,  and the a s t e r i s k s  denote  r e l a t i v e  v a l u e s  (a*  = c~/a0; h* = 
= h / h  0, e tc . ) .  

The dimensionless coefficient on the left-hand side of expression (I) can be represented in various forms. We 
first write it in the form 

2 aho L 2St  L 
9o wo d d 

The Stanton number is a generalized function, while the parametric criterion L/d takes into account the effect of the 
geometric configuration of the diaphragm on the heat-transfer process. Since in plasma generators L/d < 50, this 
effect may be present. However, the existence of a powerful turbulizing factor, the electric arc, considerably 
reduces the length of the transition section. 

If a s  the s c a l e  va lue  of the en tha lpy  we take  i t s  m a x i m u m  va lue  obta ined  as  a r e s u l t  of the hea t ing  of the  gas  by 
the  e l e c t r i c  a r c ,  

N 
h0 = hmax = - ~ -  , and O = n R ~ P0 wo, 

then,  r e f e r r i n g  the  c h a r a c t e r i s t i c  va lue  s 0 to th is  va lue  o f ' t he  en tha lpy  and n e g l e c t i n g  the va lue  of the gas  en tha lpy  at 
the wal l ,  we t r a n s f o r m  the c o e f f i c i e n t  of the l e f t - h a n d  t e r m  of Eq.  (1 ~) to the f o r m  

1 Q 1 (1 - ~). 
2 N 2 

Taking  as  h 0 the s t a r t i n g  va lue  of the en tha lpy  of the hea t ed  gas  h 0 = hmi  n, we can  obtain the coe f f i c i en t  in yet  a n o t h e r  
f o r m .  Mul t ip ly ing  the n u m e r a t o r  and d e n o m i n a t o r  by hma  x = N / G ,  we r e p r e s e n t  the coe f f i c i en t  in the f o r m  

1 Q hma ~ 

2 G~ma x t~mi n 

In th is  c a s e ,  the r a t i o  h m i n / h m a x  is  the en tha lpy  f a c t o r  tak ing  the  t e m p e r a t u r e  n o n u n i f o r m i t y  into account ,  whi le  the 
n u m b e r  Q / G h m a  x is a g e n e r a l i z e d  func t ion  of the  h e a t - t r a n s f e r  p r o c e s s .  

Thus ,  we have  

4St L _ Q ( 1 - - ~ ) -  Q hm~ (3) 
d N Ohma x hml n 

The c h o i c e  of no ta t ion  fo r  the  g e n e r a l i z e d  func t ions  depends  on the condi t ions  of the p r o b l e m  and the na tu re  of the hea t  
t r a n s f e r .  At l a r g e  L / d ,  when the t u r b u l e n c e  is  h igh ly  d e v e l o p e d  and the spec i f i c  hea t  f lux is  cons tan t ,  it i s  conven ien t  
to use  the Stanton n u m b e r .  In th i s  c a s e ,  h o w e v e r ,  to c a l c u l a t e  the hea t  f lux it  is  n e c e s s a r y  to know the  p o w e r  r e l e a s e d  
in the d i a p h r a g m .  The p o w e r  m u s t  a l s o  be known when the n u m b e r  Q / N  and ~ a r e  used ,  but it is  p o s s i b l e  to m a n a g e  
wi thout  it by w r i t i n g  the g e n e r a l i z e d  func t ion  in the f o r m  Q / G h m a x ,  s i nce ,  a p a r t  f r o m  the hea t  f lux,  i t  con ta ins  only 
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known quanti t ies .  

' Setting G = 7rR2P0w0 and I = ~rRZj0, we can r e p r e s e n t  the coeff ic ient  of the second t e r m  on the r ight-hand side of 
express ion  (1 n ) in the fo rm 

4 L I ~ 

z d ~ohoGd 

The la t t e r  mul t ip l i e r  is the known energy c r i t e r i o n  [1]. In our case  it is a genera l ized  argument  taking into account the 
effect  of in ternal  heat sources  on the h e a t - t r a n s f e r  p r o c e s s .  

Thus, we have es tabl i shed different  ways of wri t ing the genera l i zed  function and the pr incipal  genera l i zed  
a rguments  L /d ,  h m a x / h m i  n and I 2 Gda0/h 0. The genera l i zed  a rguments  should a lso  include the Reynolds number,  on 
which the h e a t - t r a n s f e r  p r o c e s s e s  depend. Exper iments  show that, in the p r e s e n c e  of s t rong flow turbulence,  the re  
can occur  a ~degeneracy n of the Reynolds number ,  de te rmined  in genera l iz ing  the exper imenta l  data. 

A cons iderable  f rac t ion of the heat lo s ses  in the diaphragm is due to the radiant  flux. The es tabl ished fo rms  of 
the genera l i zed  function a lso  make it poss ib le  to take the radiant  flux into account.  P resumab ly ,  however ,  a 
c r i t e r i o n  re f lec t ing  the effect of the nature of the gas on the radia t ion  intensi ty should be introduced into the 
genera l i zed  a rguments .  In our  case ,  the exper iments  were  p e r f o r m e d  only on one gas - - a i r ;  t he re fo re ,  the re  was no 
need for  specia l  c r i t e r i a  for  taking the physical  p rope r t i e s  into account.  It is a l so  possible  to d i s r ega rd  the slight 
changes in the t e m p e r a t u r e  of the d iaphragm wall  and the f luctuations of the ini t ial  gas t empera tu re .  In this case ,  
al l  the c h a r a c t e r i s t i c  va lues  of the physical  p rope r t i e s  r ema in  constant  and the genera l iza t ion  can be c a r r i e d  out in 
d imensional  complexes  cor responding  to the d imens ion less  c r i t e r i a .  

The effect of the t empera tu re  nonuniformity is usually taken into account by means  of a t e m p e r a t u r e  fac tor ,  the 
ra t io  of the boundary t empe ra tu r e s  given as par t  of the conditions of the p rob lem.  Unfortunately,  the maximum 
t e m p e r a t u r e  in the e l e c t r i c  a rc  is not known in advance.  It depends on other  c h a r a c t e r i s t i c  quanti t ies .  The re fo re ,  the 
a r t i f i c i a l ly  cons t ruc ted  enthalpy fac tor  hmax /hmi  n, must  f i r s t  be de te rmined  by measur ing  the power .  It can also be 
computed f r o m  formulas  obtained in connection with the genera l iza t ion  of the cu r r en t -vo l t age  c h a r a c t e r i s t i c s  [5-7]:  

N _ f , Re, Kn (4) 
6ho 6d aoho T ' " 

The genera l i zed  cu r ren t -vo l t age  c h a r a c t e r i s t i c s  show that in our case  only three  c r i t e r i a  a re  needed: 

I2/Gd % ho, Re, Lid. 

Since the same c r i t e r i a  enter  into the h e a t - t r a n s f e r  equations,  while the values  of the physical  p rope r t i e s  r emain  
constant,  there  is no need to s imul taneously  introduce an enthalpy fac tor  and an energy c r i t e r ion .  It is sufficient to use 
use one or  the other .  Accordingly ,  in d imensional  f o r m  for  the genera l iza t ion  of the heat losses  in the diaphragm we 
obtain the express ion  

G G ' d ' d 

Instead of Q/G it is  a lso poss ib le  to use one of the fo rms  obtained above, and instead of the enthalpy fac tor  the energy 
c r i t e r i on .  

At ve ry  l a rge  or ,  converse ly ,  ve ry  smal l  values of Re, when the f r ic t ion  fo rces  become incommensurab ly  
smal l  or  l a rge  as compared  with the iner t ia  fo r ce s  and the p r e s s u r e  fo rces ,  it degenera tes  and ceases  to be one of the 
genera l i zed  a rguments  [8]. The e l ec t r i c  a rc  has an important  influence on the development  of flow turbulence and the 
Reynolds number  rapidly  degenera tes .  This is c l e a r l y  v is ib le  in Fig .  3, which shows the genera l i zed  heat flux as a 
function of the genera l i zed  power for  va r ious  diaphragm g e o m e t r i e s  and Reynolds numbers .  F o r  a short  diaphragm 
(L/d  = 1.79) (Fig.  3) the r e l a t ive  heat flow to the diaphragm depends on the p a r a m e t e r  G/d,  whereas  at L /d  > 4.93 
the re  is a lmos t  no dependence.  

An analysis  of the exper imenta l  data in fo rm (5) shows that, in p r ac t i ce ,  the dependence of the p a r a m e t e r  Q/G 
on G/d  can be neglec ted  when L / d  -> 3. Then the heat flow into the diaphragm is a function of the mean mass  
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temperature and the geometric factor only. The dependence of the heat flow on the geometric factor can be assumed 
linear over the entire range of N/G investigated at L/d = 3-8. 

300 " " ~ 
a b l W 

/ 00  i 

50 ~ 

n~ ~ ~ ~ o ~ - 2  ,A 
20 % A_ 3 A 

Fig .  3. R e l a t i v e  hea t  l o s s e s  to d i a p h r a g m  as  a 
func t ion  of N /G,  L / d ,  and G/d  ( g a s - - a i r ) :  a) L / d  = 

= 1.79; b) L / d  = 4 . 9 3 ;  1 - G / d  = 17.8; 2 - 3 5 . 7 ;  3 - 7 ]  .4; 

4 - 8 9 . 3 .  

In a c c o r d a n c e  with the above ,  F ig .  4 p r e s e n t s  the dependence  of F = ( Q / G ) / ( L / d )  on the p a r a m e t e r  N/G.  

20 - -  - ~ r - / 0  
,,~.~C"I 6 -1/  

t o  . - - -~ ' ~ ' t - - l  . - r  A - I 3  

5 o : | , - 3  " - / 5  
, 0  1 |  * -16  

I,'::, / 
2 o , / - o - 7  � 9  

* l ~ . - 8  v - Z O  

/03  2 / 0 3  5"/03 /0 ~ N/G 

F i g .  4. G e n e r a l i z a t i o n  of hea t  f lows  to 
d i a p h r a g m s  of a t w o - s i d e d  p l a s m a  
g e n e r a t o r  wi th  v o r t e x  a i r  s t ab i l i za t ion :  
F ' ( Q / G ) / ( L / d )  = f I N / G ) :  L / d  = 7.14; 
1 - G / d  = 17.85; 2 - 3 5 . 7 ;  3 -71 .45 ;  
4 - 8 9 . 3 ;  L / d  = 6; 5 - G / d  = 31.25; 6 - 6 2 . 5 ;  
L / d  = 4.93; 7 - G / d  = 17.85; 8 -35 .7 ;  
9 - 4 1 ;  10 -53 .5 ;  11 -71 .45 ;  12 -89 .3 ;  L / d  = 
= 3.75; 1 3 - G / d  = 31.25; 14 -62 .5 ;  
L /d  = 3.57; ] 5 - G / d  = 17.85; 16 -35 .7 ;  
17 -53 .5 ;  18 -71 .45 ;  19 -89 .3 ;  L / d  = 3; 

2 0 - G / d  = 25; 2 1 - 5 0 ;  Q / G ,  N / G ,  J / g .  

The data show that at small specific powers the losses to the diaphragm increase rapidly with increase in power, 
but then the rate of increase slows. Consequently, the experimental curve can be approximated by two straight lines, 
which in linear coordinates correspond to different exponents: 

a) f o r  N /G > 2 k J / g  and L / d  = 3 - 8  

" N ~1.34 
Q/G = 6.6.10 -'t L/d  ( , ~ - ]  ; (6) 

b) f o r  N /G < 2 k J / g  and L / d  = 3 - 8  
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Q / \ N 2.42 
-= 1 2 . 4 . 1 0 - S L / d [ - - |  . (6') 

The absence of a dependence of the heat flow on Reynolds number  and its l inea r  dependence on the length indicate the 
onset of s teady-s ta te  developed turbulent  flow in the diaphragm at L /d  > 3. In this case as the general ized argument  it 
is convenient to use the Stanton number .  Then,  instead of (6) and (6'), we obtain 

a) at N/G > 2 kJ /g  

b) and at N/G < 2 kJ /g  

( N ]o.34 
s t =  1 6 5  1 0 -  ' (7) 

/_~) 1.42 
St = 3.1-10 -s . (7 ~) 

The sca t te r  of the exper imenta l  points in express ions  (6) and (7) is i50%. This not very  high accuracy is due to 
the e r r o r  in measu r ing  the heat f luxes during the exper iments ,  the inaccurac ies  of the approximation and the 
d i s regard ing  of a number  of less  important  c r i t e r i a .  However, the fo rmulas  obtained can be used in calculat ing heat-  
t r a n s f e r  p rocesses  in the s tabi l izing diaphragms of e l e c t r i c - a r c  devices.  

N O T A T I O N  

N is the power; I is the cur ren t ,  A; G is  the gas flow rate ,  g / sec ;  R and d a re  the inside radius  and d iameter  
of the diaphragm, cm; r is the var iable  inside radius  of diaphragm; L is  the length of the diaphragm, cm; w is the 
velocity,  c m / s e c ;  T is the t empera tu re ,  ~ t is the t empera tu re ,  ~ h is the enthalpy, J /g;  Q is the heat flux, kW; 
Nu is the Nusselt  number ;  St is the Stanton number ,  Re is the Reynolds number ;  Kn is the Knudsen number ;  P r  is the 
Prandt l  number ;  a is the hea t - t r ans fe r  coefficient,  W/cm 2 �9 deg; p is the density,  g/cm3; Cp is the specific heat at 
constant  p r e s su re ,  J /kg  �9 deg; k is the the rmal  conductivity,  W/cm �9 deg; a is  the e lec t r ica l  conductivity; j is the 
cur ren t  density;  ~ is the efficiency. Subscr ip ts :  0 denotes a charac te r i s t i c  quantity; 1 r ep resen t s  a pa rame te r  at the 
diaphragm inlet;  2 - -pa rame te r s  at the diaphragm outlet; h--quant i ty  r e f e r r ed  to enthalpy; ax - -pa rame te r s  on jet axis; 
w- -pa rame te r s  at wall;  m m - - m e a n  mass  quantity; r a in - -min imum;  max- -max imum.  
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